
Abstract Recent reports clearly indicate that

odor emitted from concentrated livestock pro-

duction facilities in the Midwest of the US is a

significant social problem that negatively impacts

rural and state economies, human health, and the

quality of rural life. A potential incremental ap-

proach to dealing with livestock odor is the use of

shelterbelts arranged in strategic designs near and

within livestock facilities. This review outlines the

various ways that shelterbelts can be effective

technology which bio-physically mitigates odor

thereby reducing social conflict from odor

nuisance. The biophysical potential of shelterbelts

to mitigate livestock odor arises from the tree/

shrub impacts on the central characteristics and

physical behavior of livestock odor. As the

majority of odors generated in animal facilities

that are detectable at appreciable distances travel

as particulates, there is compelling evidence that

shelterbelts can ameliorate livestock odor by

impeding the movement of these particulates.

Because the odor source is near the ground and

the tendency of livestock odor is to travel along

the ground, shelterbelts of modest heights

(i.e. 20–30 ft) may be ideal for odor interception,

disruption, and dilution. Shelterbelts can be

adapted to fit almost any production situation.

Depending on shelterbelt health, these trees can

provide long term, year round odor interception,

with increasing effectiveness over time. Addi-

tionally, more is becoming known about how

landscape aesthetics affect how people might

perceive livestock odor, suggesting that landscape

elements such as shelterbelts can lead to aesthetic

improvements and perhaps more positive opin-

ions of livestock odor and the farm systems that

create them.
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Introduction

The Natural Resource Conservation Service of

the USA defines air quality as a measure of the

concentration of particulates and gases relative to

an accepted standard that limits the use of the air

for a designated purpose at a specific location

(Vining and Allen 1993). Unfortunately for many

people living, working, enjoying, or passing

through parts of rural America, the quality of the

air is often below accepted standards (Huang and

Miller 2006). Recent reports clearly indicate that

odor emitted from concentrated livestock pro-

duction facilities in the Midwest of the US,
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particularly from pork production, is a significant

social problem that negatively impacts rural and

state economies, human health, and the quality of

rural life (Iowa CAFO Air Quality Study 2002;

Wing and Wolf 2000; Thu and Durrenberger

1998). Whereas livestock derived odors are

ubiquitous with animal agriculture, four factors

are thought to cause an increase in odor nuisance

and a need for additional technological and

management creativity. First, larger-scale live-

stock confinement production has led to increased

concentrations of manure being stored and uti-

lized in relatively small geographic locations.

Second, urban/suburban expansion into the agri-

cultural landscape has put many more people

with limited agricultural experience into closer

proximity to livestock production. Third, the

current livestock odor problem is characterized

by high concentrations of odorous emissions that

travel across highly modified landscapes relatively

devoid of any significant natural barriers that can

impede, alter, absorb, or dissipate the odor

plumes prior to contact with people (e.g. Iowa has

about 93% of its natural landscape converted to

fairly homogeneous agricultural uses). Fourth,

market economics and regulatory policy of live-

stock production create limited producer incen-

tives to control water and air pollution beyond

minimum regulatory requirements—to do more

may put producers at a financial disadvantage.

Livestock production, communities, and the

environment in which people live, work and enjoy

life will continue to be at risk if creative and

effective solutions are not forthcoming.

A potential incremental approach to dealing

with livestock odor is the use of shelterbelts (trees

and shrubs) arranged in strategic designs near and

within livestock facilities. This review outlines the

various ways that shelterbelts can be an effective

technology which bio-physically mitigates odor in

a socio-economically responsible way thereby

reducing social conflict from odor nuisance (Lin

et al. 2006; Midwest Plan Service 2002; Tyndall

and Colletti 2001). Several sources (Koelsch 1999;

WED 1999; National Pork Producer Council

1995; Lorimor 1998; OCTF 1998; Jacobson et al.

1998) list shelterbelts as odor control devices, but

provide little physical, biological, or economic

quantification as to effectiveness. The National

Center for Manure and Animal Waste Manage-

ment listed the lack of quantification regarding

the impact of vegetative barriers on livestock

production emissions as a ‘‘major research gap’’

(National Center MAWM 2001). Still, the US-

DA’s National Animal Health Monitoring Sys-

tem Swine 2000 report noted that 33% of

respondents across 17 states use shelterbelts/

windbreaks specifically for air quality manage-

ment (Vansickle 2002). A recent Iowa swine

producer survey indicates that 38% of the

respondents (n = 562) use shelterbelts for odor

mitigation purposes and 64% of that group are

satisfied with their effectiveness and manage-

ment—only 0.9% were unsatisfied with the prac-

tice (Lorimor and Kliebenstein 2004).

This review will focus only on swine odor

mitigation, as swine production has historically

been associated with the most frequent odor

nuisance complaints (Hardwick 1985). However it

should be noted that the use of shelterbelts for

odor mitigation is theoretically amenable to all

livestock and poultry species.

Defining shelterbelts and swine odor

Shelterbelts

Shelterbelts are vegetation systems that typically

use trees and shrubs arranged in row or group

configurations to redirect wind and reduce wind

speeds, thereby modifying environmental condi-

tions within the upwind and downwind sheltered

zones. Wind flow modification is useful in con-

trolling wind erosion, controlling blowing snow,

increasing crop yields, protecting farm buildings

and other structures, protecting livestock,

improving working conditions in the field, or any

combination of these effects (Brandle et al. 2004).

Trees and shrubs can also provide visual diversity

within agricultural landscapes, improve biodiver-

sity, provide wildlife habitat and can improve the

private recreation potential of many farms

(Brandle et al. 2004; Ronneberg 1992).

The magnitude of wind dynamic and microcli-

mate changes will vary within and between shel-

terbelt systems depending upon the internal,

external, and managerial characteristics of the
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system (J. Brandle pers. comm. 1999). The inter-

nal and external structures of a shelterbelt are

very important. In terms of the internal structure,

porosity is the most commonly used descriptor. It

is a simple ratio of perforated area to total area

(Heisler and DeWalle 1988). Shelterbelts with a

porosity of 40–60% provide the greatest reduc-

tion in wind speed over the greatest distance

(Brandle and Finch 1991). External structure can

be described as the height, width, and number of

rows, species composition, length, orientation,

continuity, and overall design of plantings or

natural configurations. Management characteris-

tics can include: the goals of the shelterbelt (e.g.

crop protection/enhancement, wildlife habitat,

etc.); species selection, planting technique and

planting design; manipulation of porosity; and

maintenance (J. Brandle pers. comm. 1999).

Constituents of swine odor

To have a better understanding of the shelter-

belt—livestock odor dynamics, an examination of

the physico-chemical characteristics of livestock

odor is a good place to start. Swine manure odor

is a product of a complex interaction and inter-

mingling of individual odorous and non-odorous

components that are produced during anaerobic

decomposition of animal manure (Bottcher 2001;

Zahn et al. 1997; Melvin 1996). Anaerobic

decomposition of animal manure involves a

complex series of digestive reactions by diverse

populations of bacteria that metabolize the

nutrients contained within the manure and sub-

sequently convert these chemicals to various

odorous compounds (Williams 1996). Research-

ers have identified upwards of 330 specific

chemicals and compounds in animal manure odor

that are end products and intermediates of the

anaerobic decomposition process (Schiffman

et al. 2001; Zahn et al. 1997). In the US more

than 75% of the swine production systems handle

manure anaerobically (Zahn et al. 1997). In-

cluded in this collection of odorous compounds

and chemicals are a few key gases. Gases refer to

the specific gaseous compounds that are produced

and emitted from a manure source—primarily

ammonia (NH3), hydrogen sulfide (H2S), meth-

ane (CH4), and carbon dioxide (CO2). Some

gases, particularly highly volatile compounds like

ammonia and methane, have potentially chronic

effects associated with long-term environmental

degradation (i.e. acid rain and other NOx related

problems, eutrophication) rather than short-term

odor nuisance (Jacobson 1997). Collectively, the

chemicals that make up swine odor are referred

to as volatile organic compounds (VOCs).

Of particular importance, the majority of

odorous chemicals and compounds are easily ab-

sorbed onto, concentrated by, and carried on

aerosols (particulates) generated in animal facil-

ities (such as animal houses and manure storage)

and from land application (Bottcher 2001; Ham-

mond and Smith 1981). An aerosol is a suspension

of solid or liquid particles in a gas with particle

size ranging from 0.002 lm to more than 100 lm,

this includes such things as dust, clouds, fumes,

mist, fog, smog, smoke and sprays (Hinds 1999).

Depending on ambient weather conditions,

odorous particulates have been known to travel

upwards of two miles from their source (Ham-

mond et al. 1981). Thernilius (1997), Laird

(1997), and Hammond and Smith (1981) all con-

clude that by removing and/or controlling these

particulates, animal houses, lagoons, and feedlots

may become less odorous. Eby and Willson

(1969) report that most of the odor from poultry

houses can be eliminated by removal of air borne

dust. Hartung (1986) concluded that up to 65%

reductions in odor emissions are possible by fil-

tering air dust from the animal houses’ exhaust

systems. However, the complex relationship be-

tween VOCs and particulate matter and the

association between particulate reduction and

odor reduction are far from conclusive and are

subjects of continuing research (Cai et al. 2006;

Bottcher 2001).

Shelterbelt and swine odor interactions: odor

mitigation

Many odor control management technologies are

available. They generally fall into one of three

strategic categories. The first deals with the pre-

vention of odor and involves technologies such as

manure and feed additives. The second strategy

attempts to capture and destroy odors before they

are released into the atmosphere and involve
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techniques such as chemical scrubbers and bio-

filters. The third technique uses innovations that

attempt to disperse and/or dilute odors before

they can accumulate and become a nuisance to

neighboring areas and involve manipulating air

movement using obstructions made of both con-

structed materials (e.g. screening) and living

barriers of trees and shrubs (Schmidt and Jacob-

son 1995).

The potential of shelterbelts to mitigate live-

stock odor arises from the tree/shrub impacts on

the central characteristics and physical behavior

of livestock odor. These characteristics are:

• most livestock odor sources are at ground level;

• there is often limited odor plume rise due to

common weather conditions (i.e. temperature

inversions) and limited mechanical landscape

turbulence (Takle 1983; Takle et al. 1976);

• odor plumes have spatial and temporal vari-

ability (Guo et al. 2001; Zhu et al. 2000);

• odor plumes may be very extensive covering

large land areas (Smith 1993);

• there is often a close proximity of people to

odor sources;

• the odors generated in animal facilities that

are intense and detectable at appreciable dis-

tances often concentrate and travel on par-

ticulates (Cai et al. 2006; Bottcher 2001;

Hammond et al. 1981);

• there appears to be a major socio-psychologi-

cal component to the perception of odor being

a nuisance (Mikesell et al. 2001; Kreis 1978).

Because the odor source is near the ground and

the tendency of the plume is to travel along the

ground, shelterbelts of even modest heights (i.e.

20–40 ft) may be ideal for plume interception,

disruption, and dilution (Lin et al. 2006; Bottcher

2001; Heisler and DeWalle 1988; Laird 1997;

Thernelius 1997; Takle 1983). Shelterbelts can be

adapted to fit the production situation and ex-

pected/experienced odor plume shape and timing.

Depending on the shelterbelt design and tree/

shrub species used, it can deal with the temporal

changes to provide long term, year round plume

interception, with increasing effectiveness over

time. More is also becoming known about how

landscape aesthetics affect how people might

perceive livestock odor, suggesting that landscape

elements such as shelterbelts can lead to

improvements and perhaps more positive opin-

ions of livestock odor and the farm systems that

create them (Mikesell et al. 2001; Kreis 1978).

It should be emphasized that shelterbelts are

amenable to use with the three main sources of

livestock odor: animal buildings, manure storage

systems, and agricultural land that has manure

applied. Most other odor mitigation technology is

very often source specific and not adaptable

throughout the farm. Shelterbelts can be used

throughout the entire farm and agricultural

landscape. It is a technology that is not limited to

producer use only. In fact, properly designed

shelterbelts, may be the only odor technological

approach that can be effectively used by the

public, as well as producers.

Based on evidence available in research liter-

ature, there are five primary, interacting, ways

that shelterbelts can mitigate livestock odors by

• physical interception and capture of dust and

other aerosols as well as gases by trees and

shrubs;

• dilution and dispersion of downwind concen-

trations of odor;

• land deposition of dust and other aerosol from

reduced wind speeds;

• acting as a biological sink for the chemical

constituents of odor after interception;

• enhancing the aesthetics of pork production

sites and rural landscapes.

Physical interception of dust, gases and other

aerosols

Swine confinement buildings are generally venti-

lated in one of three primary ways: ventilation by

way of natural, open-air methods and by way of

mechanical ventilation, or a combination of the

two-hybrid systems. Regardless of the ventilation

process utilized, this exhaust air contains signifi-

cant quantities of odorous dust particles and ga-

ses. This air is in most cases exhausted without

prior treatment. Once outside the confinement,

depending on the current climatic conditions,

these ‘‘plumes’’ can travel significant distances.

Vegetation can and does filter airstreams of

particulates. As air moves across vegetative
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surfaces, leaves and other aerial plant surfaces

remove some of the dust, gas, and microbial

constituents of airstreams. It is also generally ac-

cepted that trees and other woody vegetation (i.e.

shrubs) are among the most efficient natural fil-

tering structures in a landscape in part due to the

very large total surface area of leafy plants (Bol-

und and Hunhammer 1999).

Direct filtering occurs when particles are re-

moved from air streams due to interception by

and deposition onto plant surfaces. Small, turbu-

lent eddy currents occur when laminar airflow is

disrupted by aerodynamically rough surfaces such

as leaves and branches (Beckett et al. 1998,

2000a, b). These eddy currents that form in tur-

bulent airflows around plant surfaces reduce the

resistance of the protective boundary layer of

these surfaces allowing much of the particulate

load to be impacted (lodged) onto plant surfaces.

And once impacted, it often takes very high winds

for particles to become re-suspended (Ould-Dada

and Baghini 2001; Beckett et al. 1998). Intercep-

tion and impaction by tree laminar (leaf) surfaces

typically involves particulates with diameters be-

tween 0.1 lm and 10 lm (the so called PM10

range) (Beckett et al. 2000b). For particles of

dimensions 1–5 lm, interception by fine hairs on

leaf surfaces and non-laminar surfaces (stems,

petioles, bark) may be the most important

retentive mechanism (Smith 1984). In a study of

aerial dust in commercial swine finishing houses,

it was noted that 93.3% of the particles sampled

were 5.2 lm and smaller (Stroik and Heber 1986).

Also, particles from swine facilities are often

irregular in shape, generally classified as flakes,

fibers, spheres or cubes (Dawson 1990), and as

noted by Freer-Smith et al. (1997) such shapes

are advantageous for particulate retention on leaf

surfaces. Quantification of this process, however,

has been limited.

Recent wind tunnel experiments and field

studies have quantified the capture efficiency

(ratio of particulates hitting and being retained by

tree surfaces to the amount of particulates in the

air stream) of several different tree species as well

as under conditions of different total particulate

loads (Beckett et al. 2000a). Beckett et al.

(2000b) exposed five tree species—Corsican pine

(Pinus nigra var. maritimaAiton), Leyland

cypress ( · Cupressocyparis lelyandii Dallimore

& Jackson), hedge maple (Acer campestreL.),

Swedish whitebeam (Sorbus intermedia L.), and

hybrid eastern poplar (Populus deltoides ·
trichocarpa Beaubre)—to 1 lm diameter droplets

of NaCl over a range of air speeds (from 0.7 ms–1

to 10 ms–1) within a wind tunnel. At 10 ms–1 they

found the particle trapping efficiency of Corsican

pine (2.8%) and Leyland cypress (1.22 %) to be

significantly greater than that of Swedish white-

beam (0.21%), hybrid eastern poplar (0.12 %),

and hedge maple (0.06%). Such results seem to

confirm greater capture efficiency for species with

more complex shoot structures, and with small

but complex surface area (e.g. conifer needles) or

hairier leaves (e.g. whitebeam). They also indi-

cated a functional relationship between trapping

efficiency and windspeed—that is the greater the

particle inertia as it encounters a solid object, the

greater likelihood of impaction onto that surface.

In a parallel study, Beckett et al. (2000c)

examined the actual accumulations (weight) of

particles (PM10, PM2.5, and soluble ion-

s—coarse, fine, and ultra fine grain particles)

within four of the same tree species as above in

urban settings in the UK—a fifth species, Com-

mon Whitebeam (Sorbus aria L.), was also

examined . They found that all five tree species

captured the three size ranges of particulates with

similar efficiency at both urban sites studied (one

a small urban park, the other an agricultural re-

search site on the campus of the University of

Sussex). That is, the same pattern of particulate

capture can be seen for each particle size range at

each site. And just as with the wind tunnel sim-

ulations, Corsican pine was by far the most effi-

cient particulate filter with Leyland cypress

ranked second. Among the broadleaf species ob-

served, the Common Whitebeam accumulated a

significant amount of the coarse fraction particu-

lates, which may be explained by this species’

rough and hairy abaxial (lower) leaf surfaces

(Beckett et al. 2000c). In contrast, poplar, with

comparatively smooth and leathery leaves, was

the least effective particle collector.

Ucar and Hall (2001) reviewed research of

shelterbelts mitigating pesticide drift and con-

cluded that the spray droplet capture efficiency of

tree species is among the most important
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variables (along with toxicity tolerance and mi-

cro-climate suitability) when developing a drift-

mitigating strategy. They also noted the general

superiority of conifers for particulate capture and

suggest that because conifers are ‘‘in leaf’’ year

round they may also be more effective tempo-

rally. This is an important factor with regard to

odor because even though odor nuisance in-

creases in warmer weather, odor events do hap-

pen year-round. Nevertheless, studies have shown

that non-laminar (stems, petioles, bark) particu-

late capture can be significant. For example, Ucar

and Hall (1998) cite a study by Porskamp et al.

(1994) that observed alder (Alnus spp.) wind-

breaks reducing pesticide drift up to 90% when in

leaf, and still up to 70% when leaves were absent.

Wind tunnel tests have shown non-laminar par-

ticulate capture contributing upwards of 37% of

the total particulate load (particle size = 2.75 lm)

to European beech (Fagus sylvatica L.) trees, and

upwards of 47% of the total load (particle si-

ze = 5.0 lm) to White poplar (Populus alba L.

trees (Little 1977).

Another factor influencing particle capture is a

trees’ roughness on a larger scale as defined by

the overall canopy structure of individual trees or

grouping of trees. A highly complex canopy (i.e.

the pinnate structure of ash Fraxinus spp.) creates

more opportunity for wind obstruction in the

through-flow and therefore more internal turbu-

lence (Beckett et al. 2000a). Interestingly it was

noted, that younger, smaller trees of species that

are efficient particle filters are also highly effec-

tive at removing particulates due to their greater

foliage densities compared to much larger, ma-

ture specimens (Beckett et al. 2000a).

It is difficult to get an understanding of just

how much particulate matter is accumulated.

Some studies indicate actual amounts such as

Steubing and Klee (1970), who measured the

considerable filtering capacity of Mugo pine

(Pinus mugo Turra) along the roadsides in

Frankfurt, Germany. These researchers found

that Mugo pine can have a capture effect of at

least up to 0.18 mg cm–2 (1,800 mg m–2) of dust

on leaf surfaces (Farmer 1993), or Beckett et al.

(2000b) who noted particulate weights of

488 mg m–2 and a total foliar surface area (ab-

and ad-axial surfaces) of 341 m2 on a single

juvenile European linden tree (Tilia · europaea

L.) within a shelterbelt in Fulmer, East Sussex,

UK.

To assess the importance of these capture

quantities, an example from Takai et al. (1998)

assumes that the inhalable dust emission rate is

88 g h–1 for a mechanically ventilated hog farm

with 500 pig fatteners, or an emission rate of

roughly 2100 g of inhalable particulates per day.

A single, 20 ft European linden tree may at least

have the capacity of holding about 166 g of par-

ticulates at any time in dry weather (note that this

includes only insoluble particles). This also does

not include particulates captured by any of the

woody parts of the tree (stems and bole). Linden

shelterbelts placed within and around this hypo-

thetical farm, depending on overall length and

number of rows could have anywhere from 100 to

400 trees (or even more) with a potential total

particulate load of around 16,000–66,400 g of

particulates. However, some important questions

still remain such as the load limit in which par-

ticulate capture efficiency becomes significantly

reduced, the maximum duration of particulate

holding, and the ultimate fate of the particulate

matter held by the vegetation.

It must also be emphasized that the calculation

of actual capacity, or total particulate loads within

individual trees or grouping of trees is con-

founded by the ambient conditions of each site.

Precipitation, which can effectively wash both

soluble and insoluble particulates from tree sur-

faces (Beckett et al. 2000c), ambient humidity,

diurnal weather patterns, variable wind speeds

and wind direction, topography, the complex

daily variability in emissions of the various

particulate sources, and even the positioning

of the plant material (natural vs. designed

planting) collectively create an ecosystem context

that make published total particulate loads site-

specific and of limited generalizability, except to

the extent that they can show that the particulate

capture capacity exists and, in some cases, is likely

to be substantial.

Perhaps additional filtration evidence can be

found in overall patterns of particulate deposi-

tion. The total particulate capture of trees is

dependent not only on the species-specific mor-

phological capacity for particulate capture, but
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also upon the particle loads in the airstreams.

That is, the higher the particulate load in the wind

stream, the more particulates are found to be

captured and held by these plants. Freer-Smith

et al. (1997), show a filtering effect within a small

urban woodlot near a major highway in Surrey,

UK, since the number of particles counted on leaf

surfaces decreased significantly as distance from

the highway (the particulate source) increased.

This result, however could be partially

explained by dispersion of the particulate stream

as well as by particulate capture. Still, this cap-

ture pattern was also evident with the filtering of

coal-mine dust within a 15 m-wide mixed-age

(24–50-year-old trees) greenbelt consisting mostly

of European White Birch (Betula pendula Roth.)

in Kansk, Siberia (Spitsyna and Skripal’shchikova

1991). Both suggest that the airstream is becom-

ing ‘‘cleaner’’ as it travels through the trees. For

information regarding total particulate capture,

Beckett et al. (1998) provide a more extensive

review, particularly with reference to urban trees.

Based on the literature there are some general

conclusions that can be made regarding the par-

ticulate filtering capacity of trees (Beckett et al.

2000a, b, c; Spitsyna and Skripal’shchikova 1991;

Smith 1984):

• There is a high correlation (i.e. Pearson r values

from 0.7 ± 0.19 to 0.98 ± 0.02) between leaf sur-

face area and the quantity of dust accumulation.

• The greater the surface roughness of the leaf,

the greater the particulate capture efficiency

for particles 5 lm and less. Surface roughness

increases with the presence of leaf hairs and

pronounced veination.

• Smaller leaves are generally more efficient

than larger leaves in collecting particulates.

• Leaves with complex shapes and large

circumference-to-area ratios (i.e. conifers)

appear to capture particulates most efficiently.

• Conifers are generally more efficient in cap-

turing particulates than broadleaf species.

• Non-laminar surfaces (petioles, stems, bark)

also accumulate significant amounts of par-

ticulates in the PM10range.

• The more irregular in shape the particulates

are, the greater the capture and retention on

tree surfaces.

Dilution and dispersion of downwind

concentrations of odor

The conditions leading to pollutant trapping by

the atmosphere are well known (Takle 1983; Ta-

kle et al. 1976). Low wind velocity, radiational

inversions and lack of physical landscape features

that create turbulence all contribute to pollutants

being trapped at ground level (Jacobson et al.

2001; Guo et al. 2001; Takle et al. 1976). Odor

has a tendency to be most severe during stable,

night-time conditions with low to moderate wind

speeds, at which times odors emitted near the

surface will not diffuse upward but remain near

the surface and travel by way of near laminar flow

that will meander over the terrain (OCTF 1998;

SOTF 1995; Takle undated). Most odor events

are recorded between 5 AM and 7 AM and be-

tween 7 PM and 10 PM, both relatively high

residential activity hours and stable atmospheric

conditions (Jacobson et al. 2001). Air tempera-

ture is also a major factor. At higher tempera-

tures, the conditions for anaerobic decomposition

can improve and greater volatility of odorous

compounds may occur (NPPC 1995; SOTF 1995).

When these weather conditions occur singly or

simultaneously, it has been noted that odor can be

transported over distances greater than two miles

(NPPC 1995). Shelterbelt systems may be of value

in dealing with these situations.

Shelterbelts have the ability to lift part of the

odor plume into the lower atmosphere aiding in

the dilution and dispersion process. When wind

approaches a row of trees, a portion of the air

stream will pass through the vegetation, some

will pass around it, with the remaining wind

being lifted up and over the vegetation. The

lifting aspect will begin at some distance on the

windward side, typically a distance equal to

2–5 times the height (referred to as 2–5 H) of the

shelterbelt (McNaughton 1988). As studies in

the distribution of windblown pollution indicate,

the properties of the underlying surface (terrain)

are important in deflecting the airstream or in

modifying the rate of mixing and consequent

dilution of the material carried with it (Pasquill

1974). Within the near vicinity of shelterbelts,

heat, vapors, CO2 and other scalar quantities
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(including odor plumes) are transported along

streamlines by the prevailing winds and only

across streamlines by mechanical turbulence

(McNaughton 1988). McNaughton (1988) further

notes that as the air streams top the obstacle, the

stream is redirected, becomes compressed and

increases in speed. This is commonly referred to as

wind shear. This affected zone above the shelter-

belts has been noted at heights of 1.5 H (that is 1.5

times the height of the barrier) to 1.7 H. There-

fore, for a shelterbelt that is about 20 ft tall, this

effected zone may extend roughly 30–34 ft above

ground level. This zone then downturns to follow

the air stream downwind and acts as a source of

turbulent kinetic energy. Thus shelterbelt height is

a significant variable: the taller the barrier the

higher air will be pushed into the lower atmo-

sphere. It should be noted, however, that this

dynamic has yet to be quantified.

Both field and wind tunnel studies that have

examined the dynamics of shelterbelts cite a

somewhat triangular ‘‘quiet’’ zone (zone of low

speed, providing maximum wind protection) that

extends from the top of the shelterbelt down to a

distance of about 8 H. Immediately above this

quiet zone the longitudinal turbulent fluctuations

are more energetic and larger in scale (Cleugh

1998). It is within this turbulent zone that much of

the dilution of the odor plume into other air

layers may take place (Fig. 1 below is a schematic

of these processes). This dilution effect comes not

only from that part of the odor plume which is

mixing with other ‘‘higher-off-the-ground’’ air

layers but also from a slower release of odorous

particulates and gases into the airstreams that

continue downwind. Therefore, the concentration

of odorants within the plume that does continue

downwind is reduced. Based on computer simu-

lation studies, the plume also appears to become

more uniform in terms of concentration, which is

beneficial with regards to how the human olfac-

tory system processes exposure to odors (Lam-

mers 2002). High odorant variability within an

exposure often leads to higher perceptions of an

odor event being considered offensive (P. Lam-

mers pers. comm. 2002).

Recent wind tunnel and field studies per-

formed by North Carolina State University per-

sonnel have shown that artificial wind break walls

deflect building exhaust air so that air flows

higher above the ground or the surface of down-

wind lagoons improving potential dilution of

odors to the point of noticeable odor reduction

downwind (OCTF 1998; Bottcher et al. 1999). By

examining the behavior of smoke emissions,

researchers have observed enhanced vertical

mixing of swine building exhaust plumes due to

the presence of artificial, non-porous windbreak

walls (Bottcher et al. 2000, 2001).

Odor plume modeling has also indicated this

vertical mixing in simulations. Using three-

dimensional fluid dynamic algorithms with

simultaneous diffusion calculations, Lammers

et al. (2001) observed that an odor emission from

a livestock building would experience an elevated

mainstream that is distributed by turbulent eddies

in the lee of a solid flow barrier such as an adja-

cent building. The impact of a diffuser type bar-

rier such as a shelterbelt with an unspecified level

of porosity shows a slightly different plume pat-

tern in that there is still an elevated mainstream

but the dispersion is more uniform, and therefore,

Zone of vertical mixing 

0 4 8 12

1- 2 H 
above 
shelterbelt

Quiet zone
Shelterbelt

Zone of 
diluted plume
movement
downwind

H downwind 
16

Fig. 1 Schematic
representation of
turbulence and zone of
potential odor dilution.
Adapted from
McNaughton (1988). The
term ‘‘H’’ means
‘‘multiplication by height
of shelterbelt’’

52 Agroforest Syst (2007) 69:45–65

123



diluted in the downwind stream (Lammers et al.

2001; P.S. Lammers pers. comm. 2002).

Lammers et al. (2001) note that shelterbelts

could become a temporary zone of increased

odor trapping and perhaps zones of increased on-

site odor (e.g. concentrated odor). However, it is

not yet known if there are any on-farm implica-

tions because of this. Bottcher et al. (2001) warns

that smoke simulations indicate that dilution

benefits are reduced during periods of stable wind

flows.

Buildings are not the only odor source that can

benefit from air stream manipulation by shelter-

belts. Anaerobic manure lagoons and other

uncovered manure storage facilities are also ma-

jor sources of swine odor. Liu et al. (1996)

numerically simulated the effects of tall barriers

around manure lagoons and predicted reductions

in downwind malodorous lagoon emissions of 26–

92% for a range of barrier distance to height ratio

from 8 to 0.6. This reduction is largely due to the

prevention of particulates (generated elsewhere

on the site) from passing over the lagoon surface.

Thereby limiting the concentration of odorous

VOCs convecting off of the lagoon surface onto

ambient particulates and then subsequently

moving downwind.

In a recent Canadian pilot study, Lin et al.

(2006) used a mobile odor generator to simulate

swine odor and quantify the odor dispersion ef-

fects of various configurations of field shelterbelts

(e.g. differing species, optical porosity, distance

from odor source). Two single row deciduous and

two single row conifer shelterbelts where com-

pared to a control site that lacked landscape

vegetation. Using trained odor panelists (indi-

viduals trained in differentiating odor intensity)

in the field there were recorded reductions in

odor concentration with downwind distance from

the source. The reductions are believed to be

caused by the presence of the tree row leading to

enhanced odor dispersion in the field. In general,

Lin et al. (2006) concluded that: (1) windbreaks

of low optical porosity (�35%; optical porosity

being a two dimensional measure of porosity)

showed a more pronounced odor reduction effect;

(2) a conifer tree row (species not defined) at

15 m from the odor source showed greater odor

dispersion than a deciduous tree row (Populus

spp.) at the same distance; (3) a tree row located

closer to the odor source recorded more odor

dispersion than one located further downwind

(15 m vs. 60 m). See Lin et al. (2006) for details

regarding analytical protocols and full results.

Land deposition of dust and other aerosol due

to reduced wind speeds

Much progress has been made in understanding

turbulent transport of air over, around, and

through windbreak structures as well as quanti-

fying wind speed alterations (Wang and Takle

1995; Zhang et al. 1993; McNaughton 1988;

Heisler and DeWalle 1988; Kort 1988). Measured

reductions in wind speed on the lee (downwind)

side of a shelterbelt have been varied, with

reductions being recorded as far as 50 H of the

shelterbelt (Heisler and DeWalle 1988). Measur-

able wind speed reductions to about 30 H are

more typical (Cleugh 1998). The air turbulence

changes and wind speed reduction creates situa-

tions where wind borne particles can be deposited

at much shorter downwind distances than would

occur without the shelterbelt. For example, a

barrier effect has been noted in the hedgerow

systems in Britain as downwind spatial deposition

patterns of various propagules (e.g. seeds, pollen,

or spores) have been identified (Burel 1996).

Ucar and Hall (1998), investigating windbreaks

and agrochemical drift mitigation, discussed the

exponential trends of drifted spray deposits. They

suggest that even a simple vegetative barrier such

as a single row of trees would reduce potential

chemical drift significantly due to reduced wind

speed, though they pointed out that that does not

mean reduction to significant levels in all cases.

Ucar and Hall (2001) also conclude that pesticide

drift reduction offered by shelterbelts evidently

arises from two main causes. The first cause is the

shelterbelt induced reduction of wind speed over

and around the targeted crops; the second cause is

due to interception of fugitive pesticide aerosols

within the shelterbelt itself.

Laird (1997) and Thernelius (1997) both mod-

eled the potential of windbreaks to deal with odor

carrying particulates using an open circuit wind

tunnel and a small-scale model of an open-air

ventilated hog confinement building and a
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simulated shelterbelt. The hog house particulate

matter was simulated with highly ground walnut

shells positioned within the model hog house.

Digital imaging was used to examine the bright-

ness of the wind tunnel floor as a measure of dust

deposition behavior. Multiple scenarios were

tested examining differences in particle deposi-

tion due to the number of parallel shelterbelts of

various heights as well as different wind speeds

and angles. The objective was to minimize the

total particulate mass that leaves the farm

boundaries. Table 1 below displays some results

of modeled particulate reduction due to shelter-

belts.

Based on the results, wind velocity, angle of

wind, and the height of the shelterbelts are

important variables, with wind velocity being the

most important. Successful reduction in mass

transport far downstream ranged from 35% to

56%, with the conclusion that this reduction

would provide a substantial reduction in the ef-

fects of offensive odors in surrounding areas

(Laird 1997). Both researchers, however, noted

that in order for the information they gathered to

be useful in full-scale applications, it remains

necessary to perform field-testing. Vegetation

type was not a variable nor was windbreak

porosity, which has been noted as possibly the

most influential factor in reducing wind speed

(Ucar and Hall 1998; Brandle and Finch 1991;

Heisler and Dewalle 1988). Dust interception by

the vegetative barriers was loosely considered as

it was noted that ‘‘part’’ of the total dust mass was

retained by the model shelterbelts.

Acting as a sink for the chemical constituents

of the odorous pollution

Not much is known about the ability of trees and

other plants to ameliorate odor by way of intake

or absorption of odorous chemicals or the man-

agerial use of vegetation for this purpose. There

is, however, indirect evidence that suggests this is

possible. In the last few decades there has been

tremendous interest in the ability of plants to

remove various pollutants from the air, and sev-

eral reviews have addressed the capability of

plants to act as a sink for air contaminants

(Kwiecien 1997; Smith 1984; Bennett and Hill

1973; Hill 1971).

Aerosol chemicals can enter the plant in three

ways: (1) gaseous diffusion through open stomata,

(2) if chemicals are soluble, they can enter

through the stomata in dissolved form, and (3)

chemicals can be adsorbed onto and absorbed

into plant tissues (Landolt and Keller 1985; Smith

1984). The rate of pollutant transfer is regulated

by a series of resistances (Saxe 1990; Smith 1984).

It has been emphasized that other than pollutant

concentration and exposure time, stomatal resis-

tance is the most important factor determining

the uptake of pollutants by plants (Landolt and

Keller 1985). Diffusion through open stomata is

considered the route of least resistance. This is

regulated first by the plant surface boundary layer

(the perfectly still layer of air surrounding all

surfaces) and then by the concentration gradient

between the ambient air and the sorptive surfaces

of a plant’s interior (Kimmins 1997; Treshow and

Table 1 Downwind particulate reduction associated with different wind parameters as modeled in a wind tunnel using a
simulated 3 row shelterbelt

Wind
speed(m/s)

Angle of wind (�)
(oblique to the
shelterbelt)

Height of
shelterbelt (m)

Distance from
building(m)

Percent of
particulates
lost without
shelterbelt

Percent of
particulates
lost with
shelterbelt

Percent change
in particulate
retention with
shelterbelt

4 0 5.00 19.11 57.4 29.1 50.7
4 30 5.00 19.11 75.3 32.8 43.6
5 15 3.75 19.11 80.0 51.7 64.6
6 0 5.00 19.11 81.9 49.3 60.2
6 30 5.00 19.11 96.4 63.0 65.4

Shelterbelt heights and distance from building translated from 1:50 scale. The percentage of particulates lost with or with
out shelterbelts means the percentage of on-farm particulates that are blown off the farm and, theoretically, ‘‘downwind’’

Source: Laird (1997) and Thernelius (1997)
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Anderson 1989). Diffusability and solubility of

pollutants are the main factors that affect the rate

of boundary layer penetration.

Once the boundary layer is penetrated and

contact is made with the leaf surface, a pollutant

may enter by two routes: absorbed by way of

passive diffusion through the stomata (if soluble,

pollutants will often enter in solution) or ab-

sorbed through the tissues (Waring and Schle-

singer 1985). One study of interest examined

different sorption rates of sulfur dioxide and

ozone between conifers and deciduous trees

during a fumigation study and determined that

sorption rates were higher in conifers (Elkiey

et al. 1982).

A waxy, lipophilic cuticle resists adsorption of

pollutants into plant tissues. The cuticle does of-

fer significant resistance to the movement of wa-

ter and solutes but it is not impermeable, as

evidenced by the fact that most agricultural

chemicals are applied as foliar sprays and many of

those chemicals, such as herbicides and systematic

insecticides, must penetrate the cuticle to be

effective (Schonherr and Riederer 1989). Inter-

estingly, lipophilic substances (i.e. organic fatty

compounds) actively accumulate in lipids on plant

surfaces (the cuticle is composed of cutin, which is

a lipid-based polymer) (Taiz and Zeiger 1991).

The leaves of trees are highly lipophilic and due

to lipophilic affinity, they are excellent accumu-

lators of lipophilic foreign substances such as

VOCs (Reischl et al. 1987, 1989). For example, as

measured in field experiments, nitrogen based

chemicals and compounds have shown high

affinities for leaf cuticles and other plant surfaces

(Asman et al. 1998). This affinity of nitrogen-

based chemicals to leaf cuticles is enhanced with

increased relative humidity and decreased vapor

pressures (Asman et al. 1998). Both typically oc-

cur within the leeward quiet zone of shelterbelts.

Depending on the porosity of the shelterbelt,

relative humidity is typically 2–4% higher and

temperature is several degrees higher in sheltered

areas than in open areas (Brandle and Finch

1991). Asman et al. (1998) suggested that reduc-

tions in NHx might be achieved indirectly by

modifying local scale atmospheric transport and

because a relatively large percentage of the

emission is dry deposited close to the source,

benefits might be achieved by planting a managed

farm woodland system around known sources to

increase dry deposition and reduce deposition to

more critical areas downwind.

Research also suggests that trees can be used as

bio-indicators for pollution emission location and

prediction (Reischl et al. 1987, 1989; Gaggi et al.

1985). Reischl et al. (1989), using gas chroma-

tography tests, recorded accumulations of chlori-

nated hydrocarbons (anthropogenic VOCs) in the

foliage of 15-year-old Norway spruce (Picea

abies). Foliage samples were taken at different

locations in the proximity of different pollution

centers such as an industrial area, an urban area,

and a hazardous waste landfill and were then

compared to samples from a ‘‘clean air’’ site (an

area of considerable distance from a pollution

source). The study found much higher concen-

trations of pollutants from the samples located in

the polluted areas as compared to the levels re-

corded for the clean area.

Another potential air pollution sink exists on

and within the microorganisms that coexist on

plant surfaces. The surfaces of plants, depending

on such factors as plant species, humidity, tem-

perature, season, leaf age and health are usually

covered with micro-organisms of all kinds; vari-

ous forms of fungi, bacteria, and yeasts dominate

(Schreiber and Schonherr 1993; Dickinson and

Preece 1976; Preece and Dickinson 1971). In an

early review, Smith (1976) hypothesized that

since epiphytic organisms have been exposed to

many compounds now considered as pollutants

for millennia and that this exposure occurs at the

atmospheric–plant interface, these microbes may

behave as sinks for certain particulates and gas-

eous pollutants. Schreiber and Schonherr (1992,

1993) determined that microorganisms often

influence and affect the quantification of foliage

uptake of chemicals to the point where care must

be made to separate the mechanism during re-

lated research.

It is known that many different microorgan-

isms are capable of metabolizing and/or breaking

down chemical pollutants such as anthropogenic

VOCs (Baker and Herson 1994; Muller 1992; Fry

et al. 1992) and this process is used in many dif-

ferent types of bioremediation techniques (Baker

and Herson 1994). It is not, however, currently
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known how effective epiphytic microorganisms

are at metabolizing and/or degrading odorous

VOCs or if such a process could be effective in

mitigating ambient and downwind odorous con-

ditions.

Smith (1984) and Abbasi and Khan (2000) lis-

ted some generalizations regarding gaseous/aer-

osol pollutant interception and/or uptake into

plants that can be made based on controlled

experiments and with seedlings. Among the most

important were:

• Plant uptake rates increase as solubility of the

pollutant in water increases. Ammonia in

particular is highly soluble in water.

• When the plant surfaces are wet, the pollutant

removal rate may increase up to 10-fold.

When conditions are damp, the entire aerial

plant surface is available for uptake.

• Moisture stress and limitations on solar radi-

ation act to limit stomatal openings and can

hinder pollutant uptake significantly.

• Pollutants are absorbed most efficiently by

plant foliage near the canopy surface, where

light-mediated metabolic and pollutant diffu-

sivity rates are greatest.

• Because numerous forces and conditions reg-

ulate the rate of pollutant uptake, the rate of

removal under field conditions will be highly

variable.

• However, the rate of pollutant removal can

increase linearly as the concentration of the

pollutant increases.

Aesthetics

Socio-psychological factors play a role in live-

stock odor being perceived as a nuisance.

Researchers have documented that perceptions of

odor differ from individual to individual and are

characterized by personal preferences, experi-

ences, opinions, imagination, cultural associa-

tions, visual images, and variability in our

olfactory systems (Distel and Hudson 2001; Wil-

liams 1996). In an early review regarding the

minimization of livestock odor impacts, Kreis

(1978) made several observations in this regard. It

is explained that avoiding nuisance complaints is

difficult, in part, because of interactions of the

social and psychological background and the

individual preferences. Kreis (1978) points out

that psychologists have stressed that a priori bias

either positive or negative towards an odor source

often influences emotional responses to that odor

source. It is further suggested that additional

‘‘aesthetic insult’’ from that odor source, be it

other pollutants (such as water pollution), or

other more cosmetic factors such as yard disor-

derliness or objectionable architecture may ne-

gate many odor amelioration attempts.

Additionally, visual cues have been noted to be

associated with higher incidences of odor nui-

sance complaints (Kreis 1978 citing Eugene 1971

and Waller 1970).

Mikesell et al. (2001) interviewed all the

neighbors within a variable radius (£ 1 mile) of

seven large swine farms in Pennsylvania and re-

corded an inverse relationship between the

‘‘attractiveness’’ of a farm and reported negative

odor intensity ratings. That is, those farms that

appeared to be more subjectively attractive were

perceived to be less odorous. However, quantifi-

cation of actual odor emission rates at each farm

was not attempted, and the characteristics of what

constitutes ‘‘attractiveness’’ were not defined.

The specific aesthetic appeal of shelterbelts

within agricultural landscapes has been examined.

Cook and Cable (1995) find by way of a photo

elicitation (slide show) survey of Kansas State

University undergraduates that photos of Great

Plains shelterbelts (both single belts and systems)

rate very high on scenic quality indices whereas

open and barren agricultural landscapes rate very

low on scenic quality indices. They conclude that

(1) shelterbelts add quite positively to the scenic

beauty of Great Plains landscapes and (2) that

observer background characteristics appear to

have little to do with scenic quality evaluations of

shelterbelt landscapes, therefore suggesting a

loosely generalizable appreciation of the land-

scape aesthetics of shelterbelts. Also, Ronneberg

(1992) listed improved aesthetics as a major

benefit of general shelterbelt use, stating that

studies have shown ‘‘Visual diversity...(is) pre-

ferred to open landscape’’.

Kliebenstein and Hurley (1999) conducted a

general public survey regarding environmental

impacts and other farm issues, and found that
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68% (n = 329) of the respondents agreed that

‘‘filtration’’ (in a general sense) of swine building

air for odor reduction is somewhat to very

acceptable. There was also a general high social

approval of technology that is considered ‘‘natu-

ral’’ (which it could be argued includes shelter-

belts), as opposed to technology which is

mechanical or chemical in nature.

Professionals involved with livestock agricul-

ture generally accept that a well-landscaped

operation, which is visually pleasing or screened

from view by landscaping is much more accept-

able to the public than one which is not (Lorimor

1998; NPPC 1995; Melvin 1996). It is this notion

of visual screening that has made landscaping

and shelterbelts a common suggestion from

agricultural engineers with regard to minimizing

odor problems. If it is made known to neighbors

and local communities that a shelterbelt is being

used as a pollution (air or water) control tool, it

may serve as very visible proof that a livestock

producer is making an extra effort to control

odor.

General shelterbelt design considerations

Shelterbelts designed for the purpose of particu-

late capture and plume dilution/dispersion can be

located on the production site wherever particu-

late emissions occur. Main on-site locations of

particulate emissions are swine buildings, agri-

cultural fields that receive land applications of

manure, heavily used roads, and any outdoor

animal systems (i.e. feedlots or hauling lots). For

plantings near buildings it was noted that they

should extend high enough to fully intercept the

plumes of airflow issuing from the fans (e.g. 4 m

high for typical buildings) (Bottcher et al. 2000).

Care must also be taken so as not to compromise

building ventilation. If naturally ventilated, trees

and/or shrubs must not impede necessary wind

patterns. For mechanically ventilated buildings,

vegetation must not be close enough to impede

ventilation intakes and outlets or maintenance

alleys. Based on examinations of artificial wind-

break walls (Ford and Riskowski 2003; Bottcher

et al. 2000), a distance of at least four fan diam-

eters downwind from the fans are sufficient to

prevent back pressures, however the eventual

crown width of the tree species must be factored

in. Thus some suggest that shelterbelts should be

located at a minimum distance of five times the

diameter of the fans (Malone and Abbot-Don-

nelly 2001). If shelterbelts are to be planted near

or around manure lagoons or earthen manure

pits, the rooting habits of the tree species used

should be known to prevent tree roots from

compromising the protective lining of the lagoon

that prevents leaching of pollutants into the soil

and ground water sources.

In general, care always needs to be taken when

vegetation is planted to avoid creating any nega-

tive on-farm situations. The mature size of vege-

tation must be known so that trees and/or shrubs

will not grow to become hazards. If used near

roads or feedlots, trees should not be planted in

ways that impede sight lines and create snow

deposition problems in the wintertime. Likewise,

if planted as a perimeter around agricultural

fields, expected snow deposition patterns are

critical so as to prevent excessive moisture prob-

lems in the spring and/or as a benefit to possibly

enhance moisture in dryer areas.

Shelterbelt structure is of prime concern when

it comes to particulate interception. Aspects such

as height, length, width, and porosity (density) all

have important implications. For interception,

shelterbelt height is important to the degree that

the odor plume is intercepted as much as possible.

A shelterbelt that is shorter than the plume will

only intercept that portion that comes into con-

tact with the trees. Because the odor source is

near the ground and due to typical weather pat-

terns in agricultural areas, the tendency of the

plume is to travel along the ground with limited

rising and mixing (Takle 1983), therefore shel-

terbelts of even modest heights (i.e. 15–30 ft) may

provide adequate plume interception. Shelterbelt

length needs to be considered with regard to the

width of the plume, again for proper plume

interception. An initial rule of thumb may be to

size the shelterbelt length at least as wide as the

width of a building ventilation system, the width

of a manure lagoon, or the width of an agriculture

field that has received a manure application. Odor

plumes start out at least as wide as the emission

source and may expand with distance downwind
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from that source depending on ambient weather

and landscape conditions.

Shelterbelt porosity is also of significant con-

cern for particulate capture as there needs to be

adequate air flow through a shelterbelt so that

particulates have an opportunity to make contact

with tree surfaces and create instances of internal

turbulence. A shelterbelt that is too dense simply

pushes most of the wind up and over and partic-

ulate capture efficiency diminishes significantly

(Ucar and Hall 2001). Total deposition of par-

ticulates to a shelterbelt is determined by a trade-

off between enough porosity promoting

throughflow of particulate-laden airstreams and

enough density to promote particulate contact

with tree surfaces, implying there exists an opti-

mum value for porosity (Raupach et al. 2001).

Dorr et al. (1998) (as cited in Ucar and Hall 2001)

suggested a theoretical optimum porosity of 40–

50% for capturing windborne pesticide droplets.

It was also suggested by Dorr et al. (1998) that a

system of shelterbelts consisting of multiple rows

of belts with this level of porosity, provide in-

creased surface area for particulate capture. Thus

the widths of the shelterbelt and the number of

rows involved are important factors for particu-

late interception and capture.

With regard to promoting odor plume dilution,

species considerations for this particular dynamic

can be different than those of particulate capture.

Here height and overall shelterbelt porosity is of

critical concern. Some species, which may not be

the best for particulate capture, may be more

appropriate here. Species such as Populus grow

quite quickly (1–4 ft per year has been observed

in the Midwest US), and may be used as nurse

trees—trees that can provide early height while

other slower growing species (i.e. conifers) take

more time. As shelterbelt porosities of < 40%

may be needed to achieve desired turbulence, the

overall crowning habit of species should be

understood, as some species maintain a fuller

crown even as they grow taller. There is also

limited empirical evidence that suggests a wedge-

shaped belt (e.g. multiple rows of different

heights), with shortest row facing into the pre-

vailing wind, can ‘‘ramp’’ (push) airstreams

higher into the atmosphere (J. Brandle pers.

comm. 1999).

Generic shelterbelt system demonstration

Below is basic diagram of a shelterbelt design

associated with a hypothetical hoop house swine

production facility. The shelterbelt design shown

is very generic. This generic design provides

‘‘buffering’’ around the major sources of livestock

odor for a hoop house of this design located in

central Iowa. The design can easily be adapted to

fit other livestock confinement and /or feedlot

systems. The wind in Iowa primarily comes from

the south, southwest, and southeast during the

summer months and the north and west during

the winter. The orientation of shelterbelts reflects

this. Also note that there are no trees or shrubs

located on southern end of this facility. This

facility would be naturally ventilated and there is

a need to limit the risk of negatively impacting

the necessary flow of cooling winds into the

buildings open southern walls.

Shelterbelt impact on odor perception

The primary goal of odor mitigation is to mini-

mize perceived odors, not necessarily eliminate

them. Williams (1996) and Melvin (1996) suggest

that the achievement of this goal can be measured

by reductions in: (1) odor concentrations reaching

populated areas, (2) the number of people af-

fected by objectionable odors, (3) the duration of

exposure to odors, and (4) the number of occur-

rences of odor events. Legally defined separation

distances aid in the dispersion of odors. In Iowa,

for example, this distance is between 1,250 and

3,000 ft depending on the size of the facility and

number of animals (Lorimor 1999). Because most

of these distances are determined based on pro-

tection of water sources, the distance is often not

enough to reduce odor concentrations to levels

that eliminate odor nuisance. As the evidence

above suggests, shelterbelts have the ability to

reduce odor concentrations significantly at or very

near the source, which greatly enhances the

effectiveness of that separation distance. Appro-

priate shelterbelt designs, through the com-

bined effects of each dynamic—particulate

capture, plume dilution, particulate drop out, and

biological attraction of odorous chemicals to
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vegetation—should be able to decrease the con-

centration levels of odor plumes leaving produc-

tion sites and, therefore, contribute incrementally

to the physical decrease of odorous chemicals

moving through an airshed. This, in combination

with legal separation distances should signifi-

cantly limit odor plumes reaching populated

areas, reduce the total number of people affected

downwind, reduce the duration of exposure to

odors, and allow for reductions in the number of

occurrences of odor events. And any aesthetic

landscape improvements may contribute to a

more positive response to odor that does reach

critical receptors—people.

However, key to that assessment is the notion

of ‘appropriate’. If a shelterbelt is planted without

the consideration of ecological, biochemical, and

engineering principles and knowledge, shelter-

belts can be inefficiently utilized or worse they

could be ineffective (Khan and Abbasi 2001).

Ucar and Hall (2001) also stress that existing

shelterbelts and other vegetation may work quite

well for their original purpose (i.e. erosion control,

crop/animal protection, riparian buffer zones), but

in establishing shelterbelts for other goals (such as

odor mitigation) careful design is imperative.

Moreover, as shelterbelts likely provide site spe-

cific incremental mitigation benefits, they should

not be considered as outright substitutes for sep-

aration distance or used in decisions regarding the

setting of legal distances. They also should not be

considered as an alternative to standard best

management practices (Ucar and Hall 2001).

Ideally shelterbelts are to be used with other

proven odor mitigating technologies and/or suit-

able manure management practices for the addi-

tive benefits of incremental odor amelioration.

Overall discussion on shelterbelts as technology

Despite the promise of shelterbelts as a beneficial

technology there are some potential drawbacks

that are common to tree based technologies.

There is the time needed for the vegetation to

grow. This is a difficult technological drawback

when dealing with acute odor problems and ret-

rofitting plant material is the management option.

It is likely that trees need to be at least 3–5 years

old before any noticeable benefits occur (though

aesthetically, benefits may occur sooner). Shel-

terbelts also have space needs. Some livestock

systems are more space limited than others. And

several rows of trees throughout a production site

can add up to hundreds of trees. Furthermore,

facility land space may be limited because of

maintenance and access roads. Trees need to be

located so as to not hinder the use of those roads.

Of particular concern is that for optimal use some

shelterbelts may best be planted on land that is

not part of the production site, particularly

around fields where manure is spread. This may

require coordination across property ownerships

and the planting of trees on edges of active agri-

cultural land. Government assistance programs

such as the Conservation Reserve Program

(CRP) and Environmental Quality Incentives

Program (EQIP) may provide some financial

support but multiple landowner coordination is

often difficult to manage.

Knowledge of tree growth and maintenance to

maximize tree health and prevent unnecessary

tree mortality (e.g. avoiding certain herbicides,

proper mowing procedures, and providing suit-

able moisture levels) is required. Many land

management professionals typically have exper-

tise in trees/forestry or in farm systems but rarely

expertise in both (Schaefer 1989). Such situations

have led to on-farm failures of tree systems.

There are also time requirements for mainte-

nance that may include: mowing, spraying, irri-

gation, and occasional tree replacement—5% to

10% tree mortality is common over the first

10 years for many otherwise healthy shelterbelts

(G. Horvath pers. comm. 2002). Some concern

has been expressed regarding the notion that

shelterbelts may provide habitat for on-farm pests

such as rats and other mammals as well as unde-

sirable insects. Research on this topic is limited.

But there has been very little evidence that this

has been a serious problem with crop field shel-

terbelts. Undoubtedly more research is needed to

fully answer this question.

Because empirical evidence is lacking it is dif-

ficult to assess the effectiveness of this technology

at this point. However it is likely that there is a

continuum of effectiveness. The lower the overall

level of odorous emissions emanating from a
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production site, the more effectual shelterbelts

are likely to be. It is likely that there is a threshold

at which shelterbelts (and other technologies) are

simply overwhelmed and a nuisance situation

may continue to exist. Field and laboratory tests

are needed for a better understanding of this

threshold.

There are some very real barriers to appro-

priately using shelterbelts within and near live-

stock production sites. Though shelterbelts are

comparatively inexpensive to establish and

maintain as an odor control technology, they do

represent a cost to livestock producers both up

front (i.e. site preparation, plant stock, and shel-

terbelt establishment) and over time (i.e. man-

agement). Recent research, however, has shown

that total costs are significantly below what swine

producers have been reported to be willing to pay

for odor control. For example an economic

analysis of the shelterbelt design shown in Fig. 2

revealed total costs to be between $0.45 and

$0.59/per pig (marketed) below producer will-

ingness to pay for odor control (Tyndall 2003;

USDA 1996).

It is known that livestock odor has site-specific

idiosyncrasies in its biophysical behavior and also

idiosyncrasies in the social reaction to it, yet many

current advances in odor mitigation seem to ig-

nore this fact. Odor nuisance complaints are on

the rise in the Midwest of the US, so it seems

clear that there is something missing in manage-

ment approaches currently used. Indeed, Person

et al. (1995) call attention to this by suggesting

the status quo in managing odor nuisance is not at

all adequate in the face of the changes in livestock

agriculture. Furthermore they state that the

‘‘appropriateness of recommendations for new

technology and management practices will de-

pend upon their being simultaneously compatible

in an extensive interactive system that functions

Hog Building 

Access road 
Pit vents 

Snow deposition

Wider spacing between trees 

Minimum of 10 H 
between tree row
and building 

Main summer wind filter zone and winter

N 

= Cornaceae Cornus sericea L. - Red Osier Dogwood 

= Juniperus virginiana L. - Eastern Red Cedar  

= Salix matsudana x. alba - Austree willow  

June – August
Wind rose for
Central Iowa

Fig. 2 Diagram of a shelterbelt system planted around a
hypothetical naturally ventilated (side curtain) 2,100 head
wean to finish hog facility. Planting orientation is guided
by the summer wind patterns for Central Iowa—predom-
inant summer winds originate from south to slightly south-
east. Plantings to the south and south-west/east show wider
spacing between trees and a minimum distance of 10 H

from tree row to buildings; this is to allow for adequate
summer wind to vent the buildings. The shelterbelts along
the north-west and north show three rows and tighter
spacing (8–10¢ between trees; 12 ft between rows) to
provide a zone of filtering surface area and turbulence to
aid in dilution of odor plume. Three species are shown
here for visual and biodiversity
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in a community, natural (resource), economic,

(and environmental) context all of which are

tightly coupled’’ (Person et al. 1995).

It is for these reasons that there is a distinct

advantage in the use of shelterbelts in that there is

evidence that they are quite adaptable to the

ecosystem and production variability of livestock

production sites and production regions. There is

also information that the presence of trees in

agricultural landscapes has socio-aesthetic

advantages that most other odor mitigation

technology lacks completely. Shelterbelts are also

a technology that can be considered production

technology neutral, in that producers who raise

hogs in a variety of facilities—confinement,

modified confinement, hoop house, pasture—can

plant designed shelterbelt systems. Shelterbelt

systems are also a size neutral odor mitigation

technology. Shelterbelts, very uniquely, offer a

technology that both producers and rural resi-

dents and communities can appropriately use,

suggesting ‘‘user neutrality’’. Further, as opposed

to other odor mitigating technologies that typi-

cally depreciate over time, shelterbelts may be

the only odor control technology that theoreti-

cally increases in effectiveness over time. As with

other tree based technologies used in agriculture,

the effectiveness of shelterbelts in mitigating odor

comes from providing complex ecological infra-

structure within an otherwise ecologically sim-

plified system (Schultz et al. 2000). As the trees

grow larger, and more morphologically complex

their ability to mitigate odors should become

increasingly efficient. Of course, this implied

improvement over time is contingent upon the

long term health and maintenance of the shel-

terbelt systems and the continuance of hog pro-

duction best management practices.

Conclusion

Clearly, the published information on the ability

of shelterbelts to mitigate on-and off-farm live-

stock odor is limited and further bio-physical,

economic, and social qualification and quantifi-

cation of this technology is needed. Yet the

existing evidence indicates that shelterbelts, when

planted in strategic designs (e.g. on-farm location,

species selection), can help incrementally to re-

duce odor pollution. There are several key studies

currently underway that will begin to answer

questions of quantification, design, and producer

and societal acceptance (Adrizal et al. 2006;

Malone et al. 2006; Colletti et al. 2006). In the

mean time it seems prudent to approach the de-

sign of shelterbelts for odor mitigation from a

‘‘prevent hazards’’ point if view and plant in a

way so as to not cause snow deposition problems

and/or impediment to needed natural wind flow.

It has been said that the sustainability of

industries within agriculture will be shaped by its

collective ability to improve environmental im-

pact technologies (Kliebenstein 1998). This re-

view suggests that shelterbelts can make an

incremental, yet likely beneficial, contribution to

that end.
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